1 To whom correspondence should be addressed DNA-alkylating agents comprise one important class of The induction of loss of heterozygosity (LOH) by environmental carcinogens. N-Nitrosodimethylamine (NDMA) the environmental carcinogen N-nitrosodimethylamine is an extremely potent animal carcinogen (6,7), and epidemi-(NDMA), and the factors that influence the recovery of ological evidence suggests that it is also an important human LOH mutations were studied in two directly related human carcinogen (8-10). Human exposure to NDMA occurs from lymphoblastoid cell lines, AHH-1 (h2E1.v2) and MCL-5.
expression period of 5 days, after which they were plated at~2ϫ10 4 cells/ apoptotic response of the human lymphoblastoid cell line well in two 96-well dishes in RPMI containing 4 µg/ml triflurothymidine WTK1 has been correlated with an elevation in X-ray induced (TFT) and 9% heat-inactivated horse serum (PAA Laboratories, Newport, mutant fraction and the recovery of a larger proportion of CA). To determine cloning efficiencies, two replicate dishes were plated per chromosomal scale LOH events, compared with the related culture at two cells per well. TFT resistant colonies were counted and collected after 14 days of growth. Mutant colonies were only selected from cultures cell line TK6 (30) (31) (32) . However, the correlation between that had a 3-fold or greater induced mutant fraction compared with control cellular apoptotic capacity and elevated incidence of chromocultures. Only one mutant colony was collected per culture for molecular somal scale LOH has only been reported for this one pair of analysis to avoid the selection of sibling mutants.
related cell lines. The observation of a correlation between
DNA isolation and genomic polymerase chain reaction (PCR) amplification
apoptosis and the recovery of multi-locus LOH mutations in DNA was isolated from 1ϫ10 6 cells using a quick mini-extraction protocol cell lines unrelated to WTK1 and TK6 would generalize (44) . PCR amplification of exon 4 of the tk locus was performed using the importance of the relationship between apoptosis and previously described amplification primers and thermocycle protocols (45). To obtain a sufficient yield, two consecutive rounds of PCR amplification mutagenesis.
were performed using an Ericomp (San Diego, CA) thermocycler. Following
Recently, it has been reported that the AHH-1 TK ϩ/-cell genomic amplification, the reaction products were analyzed on a 1% agarose line has a delayed apoptotic response following exposure to gel stained with ethidium bromide. The PCR products were then purified the ENU, EMS, m-amsa and the X-ray mimetic agent, bleomyusing the QuiaQuick Spin PCR Purification Kit (Chatsworth, CA).
cin (33) (34) (35) . In addition, the identification of a mutation in DNA single nucleotide sequence analysis one allele of the p53 gene has been suggested to be responsible Single nucleotide DNA sequencing for the identification of LOH events in TK -mutants was performed as previously described (38). Sequence analysis for the apoptotic delay following DNA damage (36).
of TK -mutants, through and beyond an inactivating frameshift polymorphism Previously, we and others have reported that AHH-1 human in exon 4 of the tk locus in both AHH-1 and MCL-5 (38), allowed lymphoblasts exhibit a 4-fold higher spontaneous mutation mutants caused by LOH to be easily identified. TK -mutants that maintain rate and frequency at the tk locus compared with the derivative heterozygosity have sequences corresponding to both alleles, whereas mutants cell line MCL-5 (37,38). The higher mutation rate at tk in that have been reduced to heterozygosity exhibit only the non-functional allele sequence. A reverse primer located in intron 4 was labeled with [ 32 P]ATP, AHH-1 was entirely attributed to the recovery of chromosomal and the fmol DNA sequencing system (Promega, Madison, WI) was used to scale LOH in viable, normal growth TK -mutants (38).
perform the thermocycle sequencing reaction with ddC and 500 ng of template
In the present study, AHH-1 was shown to be hypermutable DNA. Reaction products were analyzed on 6% polyacrylamide gels.
at the tk locus following NDMA exposure as compared with and several recent studies (31, 32, 39) , the inter-relationships cultures was determined using the Cell Death Detection ELISA kit (Boehringeramong p53 status, apoptosis and chromosomal scale LOH Mannheim, Indianapolis, IN), using slightly modified methods for sample mutations are discussed. preparation as described below. This colorimetric assay quantitates the amount of histone associated DNA fragments present in the cytoplasmic fraction of cells, and the ratio of control and treated absorbance readings provides a
Materials and methods
quantitative index of reduced apoptosis (apoptotic index). Aliquots of 40 ml Cell culture, TK -mutant selection and mutation frequency determination of AHH-1 and MCL-5 cultures at 4ϫ10 5 cells/ml were treated for 24 h with 1.0 µg/ml NDMA, with control cultures being maintained in parallel. Both The human B-lymphoblastoid cell lines AHH-1 (h2E1.v2) TK ϩ/-and MCLtreated and control cultures were sampled at daily intervals for up to 8 days 5 TK ϩ/-were obtained from GENTEST Corporation (Woburn, MA). AHH-1 post-treatment. At each time point, 5ϫ10 4 cells were lysed and the cytoplasmic is a clonal isolate, derived from RPMI 1788 cells, which was selected for fraction was collected. A 5-ml aliquot of cells was centrifuged at~200 g, sensitivity to benzo[a]pyrene (40). Heterozygosity of AHH-1 cells at the tk washed with 5 ml of RPMI, centrifuged again, and resuspended in 1 ml locus was derived in a two-step selection process utilizing the frameshift RPMI. An aliquot of 5ϫ10 4 cells was then placed in buffer for lysis. The mutagen ICR-191 (41). The heterozygous cell line was then transfected with amount of histone-associated DNA present in the cytoplasmic fraction of each plasmids encoding various human cytochrome P450 enzymes, providing sample was determined by incubating the sample on an ELISA plate coated endogenous means of metabolic activation. One of these cell lines, designated with anti-histone antibody. Following several washes, this complex was h2E1.v2 (42), which constitutively expresses transfected cytochrome P450 incubated for 90 min with an anti-DNA-peroxidase antibody, 20 min with the 2E1 (CYP2E1) and endogenous cytochrome P450 1A1 (CYP1A1), was used peroxidase substrate, and then analyzed with a 96-well plate spectrophotometer in this study because it metabolically activates small molecular weight at an absorbance of 405 nm. compounds including NDMA. A benzo[ghi]perylene-resistant derivative of AHH-1 called L3, (43) which expresses higher levels of CYP1A1, was
Statistical methods transfected with two plasmids encoding multiple P450 (including CYP2E1) Differences in NDMA-induced mutation frequencies observed in AHH-1 and and epoxide hydrolase genes and is known as MCL-5 (37).
MCL-5 cell lines were tested for significance using a one-tailed t-test. The AHH-1 and MCL-5 cultures used for the collection of TK -mutants were two-tailed Fisher exact test was used to determine if differences in the expanded from an initial inoculum of 1ϫ10 3 cells. Each culture was expanded occurrence of large, intermediate and small LOH mutants among AHH-1 and to a total cell number of~2ϫ10 7 cells. During this time AHH-1 and MCL-5 MCL-5 TK -mutants differed significantly. Critical values for both tests were cells were maintained according to the protocols of the supplier (GENTEST, determined using a 0.05 probability of type I error. Woburn, MA) in RPMI 1640 medium supplemented with 9% horse serum, 2 mM l-histidinol, and for MCL-5 cultures, 100 µg/ml hygromycin B was proportion of mutants that were categorized as LOH at the tk locus (Table I ) NDMA. The average induced mutant fraction for each locus was determined by the average induced mutant fraction shown in Figure 1 . Similarly the from 40 to 85 independent cultures. Error bars represent the standard error induced mutant fraction that remained heterozygous (HET) was also of the mean. Induced mutant fractions represent the observed mutant determined. fraction minus the spontaneous background. fractions at the tk and hprt loci were determined (Figure 1 ). All of the NDMA-induced TK -mutants were further analyzed using five polymorphic microsatellite marker loci located on analysis. Examination of the polymorphic region in exon 4 of the tk locus showed that 71% of NDMA-induced TK -mutants the q arm of chromosome 17, in order to map the extent of the LOH events (Figure 3 ). Mutants exhibiting LOH were derived from AHH-1, and 16% obtained from MCL-5 cells, were attributable to LOH (Table I) . This difference in the classified into three categories based upon the extent of loss along chromosome 17. The largest category of LOH (Figure recovery of LOH mutations between AHH-1 and MCL-5 was statistically significant (P Ͻ 0.0001). The mutant fraction 3, row 1) extended from D17S784 to D17S807 and encompassed at least 34 cM or~35% of the q arm of chromosome attributable to LOH was estimated by multiplication of the percentage of mutants exhibiting LOH by the overall induced 17. These extensive LOH events accounted for 26% (9/34) of all NDMA-induced TK -mutants originating in AHH-1, but mutant fraction for each cell line (Figure 2 ). This analysis demonstrated that the frequency of TK -mutants induced by were not observed among the TK -mutants isolated from MCL-5, representing a significant difference between the two NDMA, which remained heterozygous, was comparable for both AHH-1 and MCL-5. However, the induced mutant fraction cell lines (P ϭ 0.003, Figure 3 , Table II ). An additional nine TK -mutants (Figure 3 , rows 3-5) isolated from AHH-1 caused by LOH was~18-fold greater in AHH-1 (46.9ϫ10 -6 ) compared with MCL-5 (2.6ϫ10 -6 ; Figure 2) .
were attributable to LOH. These were intermediate in length, Table II ). In contrast to the over-representation of extensive LOH among Several mutants exhibited a variant LOH pattern at this locus demonstrating a loss event which was unlinked to the target allele for mutagenesis at tk. NDMA-induced collection (P ϭ 0.006, Table II ). In concordreaction product from one of the two mutants that showed loss of the smaller allele.
Extent of LOH among spontaneous and NDMA-induced TK -
ance, the representation of short length LOH (Figure 4 , rows 5 and 6) was slightly elevated among NDMA-induced mutants, although the increase did not quite reach statistical significance typically observed, suggesting the occurrence of an internal deletion (Figure 5a ). Two additional mutants exhibited LOH (P ϭ 0.07). Significant differences in the representation of intermediate length LOH were not observed between the at D17S785 but remained heterozygous at tk and all other microsatellite marker loci analyzed (Figure 3, row 10 ). Interesspontaneous and induced spectra (Table II; Figure 4 , rows 2-4). tingly, the D17S785 allele lost in these two cases is from the Variant patterns of microsatellite loss at D17S785 haplotype including the non-functional tk allele (Figure 5b ). Two unexpected patterns of LOH were observed at the marker In all other cases, the opposite allele is lost, presumably as locus D17S785 in 3 NDMA-induced TK -mutants derived part of a contiguous LOH tract encompassing the wild-type from MCL-5 cells. One mutant (Figure 3, row 2) exhibited parental tk allele. LOH at D17S784, D17S802 and tk, but demonstrated a unique Kinetics of apoptosis in AHH-1 and MCL-5 cells and non-contiguous alteration of the microsatellite pattern for D17S785. The D17S785 allele that is linked to the functional We hypothesized that the elevated mutant fraction observed at the tk locus in AHH-1, and the higher incidence and extent of tk allele remained intact. The second band, representing the amplification product of the opposite allele, was smaller than LOH among these TK -mutants, could be attributable to an with MCL-5 (Table II, Figure 3 ). In contrast small LOH tracts were characteristic of LOH mutations recovered from MCL-5. Similarly, we have previously reported that large LOH mutations predominated the spontaneous spectrum of TKmutants isolated from AHH-1 cells, but not those recovered from MCL-5 cells (38). We demonstrate here that AHH-1 and MCL-5 cells differ in the kinetics of cellular apoptotic response following exposure to NDMA. In comparison with MCL-5, the apoptotic response of AHH-1 cells was diminished and delayed ( Figure 6 ). It is likely that the delayed and diminished apoptotic response of the AHH-1 cell line is responsible for the predominance of LOH mutations among NDMA-induced TK -mutants. Further, these findings corroborate previous suggestions that the recovery of chromosomal scale LOH induced by radiation is strongly influenced by DNA damage-induced apoptosis (32) . Recently, it has been reported that AHH-1 cells carry a heterozygous cycle checkpoint in AHH-1 cells (36). We postulate that the heterozygous mutation in p53 accounts for the abnormal apoptosis kinetics in AHH-1. However, the possibility that the alteration in the cellular apoptotic response in AHH-1 as p53 mutation is not functionally significant and that a mutation compared with MCL-5 cells. Therefore, the kinetics of in a different gene accounts for the altered apoptotic kinetics apoptosis were determined over a period of 8 days following cannot be excluded. exposure to NDMA in AHH-1 and MCL-5. No induction of Previous studies that pertained to the influence of apoptotic apoptosis was observed up to 48 h after exposure for AHH-1 capacity on the recovery of LOH mutations were performed or MCL-5 (Figure 6 ). However, starting at 72 h post-treatment, using the closely related human lymphoblastoid cell lines TK6 the apoptotic index increased significantly in MCL-5. The and WTK1. The WTK1 cell line carries a homozygous apoptotic index in MCL-5 reached a peak at 96 h. In contrast, inactivating mutation in the p53 gene, and exhibits a delayed a delayed and reduced apoptotic response was seen for the apoptotic response following irradiation as compared with AHH-1 cell line (Figure 6 ). TK6, which is wild-type at p53 (32) . The delayed cellular apoptotic response in WTK1 cells was postulated (32) to Discussion explain an associated increase in the recovery of radiationThere has been considerable interest in the hypothesis that induced TK -, but not HPRT -mutants (30) . Furthermore, the diminished cellular capacity for apoptosis results in elevated representation of multi-locus LOH events was greater among rates of mutation attributable to the increased recovery of TK -mutants derived from WTK1 cells compared with those multi-locus LOH mutations. The accumulation of multiple derived from TK6 cells (31) . mutations during malignant progression may for example,
The effect of apoptosis suppression was subsequently studied reflect a mutator phenotype associated with diminished cellular in a p53-independent manner by transfection of TK6 with bclapoptotic capacity (47). In the current study, we utilized 2 and bcl-x L (39). The transfected TK6 cells continued to directly related human lymphoblastoid cell lines, AHH-1 and express wild-type p53, but exhibited abnormal radiation-MCL-5, to examine the relationship between chromosomal induced apoptotic kinetics, similar to WTK1. However, the scale mutations and cellular apoptotic response induced by an spontaneous frequency of TK -mutants was elevated only important environmental mutagen, NDMA. Data from the 4-to 8-fold in the transfectants (39), compared with a 30-to current study and several recent reports are compared, and in 70-fold difference between WTK1 and TK6 (30) . The elevation this context, the inter-relationships among p53 status, apoptosis of radiation-induced TK -mutant fractions in the bcl-2 and and the recovery of large-scale LOH mutations are discussed.
bcl-x L TK6 transfectants (6-to 10-fold; 39) was also somewhat Cellular apoptotic capacity, p53 status and elevated recovery lower than observed when WTK1 was compared with TK6 of multi-locus LOH mutations (20-to 50-fold; 30) . Therefore, the differences in apoptosis between TK6 and WTK1 do not seem fully adequate to explain Initially, it was observed that NDMA induced similar mutant fractions in AHH-1 and MCL-5 cells at the hprt locus. In the differential mutagenic response.
In the current study, we utilized cell lines that were unrelated contrast, the NDMA-induced mutant fraction was significantly greater at the tk locus in AHH-1 cells compared with MCL-5 to TK6 and WTK1 (30) (31) (32) . The delayed and reduced apoptotic response in AHH-1 following exposure to NDMA ( Figure 6 ) cells (Figure 1 ). Molecular analysis of TK -mutants isolated from MCL-5 and AHH-1 cells has shown a highly significant has also been observed for γ-irradiation (Dobo et al., unpublished observations), and closely resembles the abnormal increase in the representation of LOH events among NDMAinduced TK -mutants recovered from AHH-1, as compared radiation-induced apoptosis kinetics reported for WTK1 (32, 39) . The observed correlation between apoptotic response with MCL-5 (Table I ; P Ͻ 0.0001). Furthermore, the frequency of large (ജ34 cM) and intermediate (~13 cM) LOH mutations and the occurrence and extent of LOH mutations in another cell system further indicates that the relationship between was also significantly greater among AHH-1 mutants compared cellular apoptotic capacity and chromosomal scale LOH is not
The spontaneous and NDMA-induced TK -mutant collections derived from AHH-1 were distinguished by differences a peculiarity of a single cell line and its derivatives. However, in the representation of particular categories of loss (Figure 4 ; unlike WTK1, the AHH-1 cell line exhibits only a 4-to 5- Table II) . Extensive LOH events (ജ34 cM) predominated the fold elevation in mutagenesis at tk occurring spontaneously spontaneous TK -mutational spectrum. In contrast, among (38), or induced by exposure to NDMA (Figure 1) , or γ-NDMA-induced TK -mutants, the representation of small LOH radiation (Dobo et al., unpublished observations). We propose events was elevated at marginally significant levels (P ϭ 0.07), that the heterozygous mutation in the p53 locus in AHH-1 whereas extensive LOH was significantly diminished (Table  does not eliminate all roles of p53 in maintaining genomic II; P ϭ 0.006). Although a limited number of microsatellite integrity, which would be totally abrogated in certain p53 loci were examined in this study, these data indicate that homozygous mutant cell lines. The results presented here and patterns of LOH may be a distinguishing component of the in the studies mentioned above (39) suggest that the influence mutational spectrum for NDMA as well as other methylating of p53 deficiency on spontaneous and induced mutagenicity agents. The identification of hallmark mutations by mapping is only partially attributable to suppression of apoptosis, and chromosomal scale events has previously been demonstrated may also reflect interaction of p53 with the nucleotide excision for ionizing radiation (52). repair system (49), or defects in p53-mediated control of In summary, this investigation demonstrates that multi-locus homologous recombination (50).
LOH represents a component of the mutational spectrum for The elevated spontaneous and induced mutant fraction at alkylating agents, and it may be possible to define characteristic tk, but not hprt, in AHH-1 cells may be because of differences patterns of loss for alkylating agents by mapping the extent in the genomic context of these two targets for mutagenesis.
of LOH events. Furthermore, the mutational spectrum for Double-strand breaks are thought to initiate a cascade of events alkylating agents is significantly influenced by cellular apopthat ultimately causes apoptosis (51). In an apoptotic deficient totic capacity. These results also suggest that p53 deficiency cell, such as AHH-1, unrepaired double-strand breaks could may influence mutation rates and spectra in a combinatorial permit the recovery of large deletion mutants in cells that manner, which include the effects of a number of cellular would otherwise have undergone programmed cell death.
processes in addition to apoptosis. However, the target size for such deletions is very different, approximately four megabases in the hemizygous hprt gene (52), and Ͼ35 cM at tk (Figures 3 and 4) . This large difference
